Phosphate removal is important in the control of eutrophication of water bodies and adsorption is one of the promising approaches for this purpose. A Fe-Mn binary oxide adsorbent with a Fe/Mn molar ratio of 6:1 for phosphate removal was synthesized by a simultaneous oxidation and coprecipitation process. Laboratory experiments were carried out to investigate adsorption kinetics and equilibrium, in batch mode. The effects of different experimental parameters, namely contact time, initial phosphate concentration, solution pH, and ionic strength on the phosphate adsorption were investigated. The adsorption data were analyzed by both Freundlich and Langmuir isotherm models and the data were well fit by the Freundlich isotherm model. Kinetic data correlated well with the pseudo-second-order kinetic model, suggesting that the adsorption process might be chemical sorption. The maximal adsorption capacity was 36 mg/g at pH 5.6. The phosphate adsorption was highly pH dependent. The effects of anions such as Cl À ; SO 4 2À , and CO 3 2À on phosphate removal were also investigated. The results suggest that the presence of these ions had no significant effect on phosphate removal. The phosphate removal was mainly achieved by the replacement of surface hydroxyl groups by the phosphate species and formation of inner-sphere surface complexes at the water/oxide interface. In addition, the adsorbed phosphate ions can be effectively desorbed by dilute NaOH solutions. This adsorbent, with large adsorption capacity and high selectivity, is therefore a very promising adsorbent for the removal of phosphate ions from aqueous solutions.
Introduction
As a main nutrient, phosphate is very essential for growth of organisms in most ecosystems. However, excessive amounts of phosphate supply to water bodies may cause eutrophication and subsequent deterioration of water quality [1, 2] . In fact, the presence of trace amounts of phosphate (even less than 1 mg/L) in the treated wastewater from municipalities and industries is often responsible for entrophication in receiving water bodies [3] . Therefore, removing phosphate is very necessary before discharging wastewater into water bodies.
Various techniques such as chemical precipitation [4] , adsorption [5] , reverse osmosis [6] , biological removal [7, 8] , and constructed wetlands [9] have been employed for removal of phosphate from wastewaters. Among these available approaches, chemical precipitation and biological removal are generally not able to meet the stringent effluent standards and reverse osmosis is a high capital cost, while the adsorption methods proved to be more promising due to their low cost, effective treatment in dilute solutions, and high uptake capacity. Another attractive feature of this technique is that the nutrient-loaded filters can be used in agriculture as phosphate fertilizer and soil conditioner [10] . A large number of materials from natural minerals to synthetic ones have been used as adsorbents to adsorb phosphate from wastewater [11] [12] [13] [14] [15] . Recently, the application of low cost and easily available materials for phosphate removal has been widely investigated, such as fly ash [16] [17] [18] , blast furnace slag [19] [20] [21] , iron oxide tailing [22] , red mud [23, 24] , Ca-based adsorbents, and iron-based compounds [25] [26] [27] .
Based on the risk of very dilute phosphate in water and more stringent effluent standards imposed, it is necessary to develop new adsorbents that are low cost, environmentally friendly, and effective for phosphate removal. Studies [28] have revealed that iron (hydr)oxides are effective for phosphate adsorption and play a major role in phosphate immobilization in water bodies and soils. Manganese oxides are also important scavengers of different anions such as phosphate in the freshwater and marine environment [29] . These two materials are both low cost and environmentally friendly. It can be anticipated that a Fe-Mn binary oxide originating from the combination of iron oxide and manganese dioxide will have the potential for phosphate removal.
However, up to now, no information is available on phosphate removal by Fe-Mn binary oxides. In our laboratory, a series of to 1:1) were recently synthesized and were tested for phosphate removal. Preliminary results have shown that the Fe-Mn binary oxide with a Fe/Mn molar ratio of 6:1 was more effective for phosphate removal than other Fe-Mn binary oxides and pure amorphous FeOOH (details are presented in Supporting Material). Therefore, a Fe-Mn binary oxide with a Fe/Mn molar ratio of 6:1 was selected as potential adsorbent. This adsorbent was characterized with different techniques and the kinetics and isotherm of phosphate adsorption were studied. The influences of different experimental parameters such as solution pH, ionic strength, and coexisting anions on phosphate removal as well as phosphate desorption were also investigated. Moreover, a phosphate adsorption mechanism is elucidated in the present paper.
Materials and methods

Materials
Fe-Mn binary oxide with a Fe/Mn molar ratio of 6:1 was prepared at room temperature (25°C) in the laboratory, according to the following procedure: Potassium permanganate (KMnO 4 , 2.37 g) was dissolved in a 200 ml of deionized water; ferric chloride (FeCl 3 Á6H 2 O, 12.16 g) and iron(II) sulfate heptahydrate (FeS-O 4 Á7H 2 O, 12.51 g) were dissolved in another 200 ml of deionized water. Under vigorous magnetic stirring, the mixture solution of FeCl 3 and FeSO 4 was added into the KMO 4 solution, and 5 M NaOH solution was simultaneously added to keep the solution pH in the range of 7-8. After addition, the formed suspension was continuously stirred for 1 h, aged at room temperature for 4 h, and then washed repeatedly with deionized water. The suspension was filtrated and dried at 60°C for 24 h. The dry material was crushed and stored in a desiccator for use. The obtained material appeared in the form of fine powder.
Potassium dihydrogen orthophosphate, sodium nitrate, sodium chloride, sodium sulfate, and sodium carbonate are all analytical grade and were purchased from Beijing Chemical Co. (Beijing, China). Phosphate solutions were prepared by dissolving the anhydrous potassium dihydrogen orthophosphate (KH 2 PO 4 ) in appropriate amounts of deionized water.
Adsorbent characterization
X-ray diffraction (XRD) analysis was carried out on a D/Max-3A diffractometer (Rigaku Co., Japan) using Ni-filtered copper Ka 1 radiation. The specific surface area was measured by nitrogen adsorption using the BET method with a Micromeritics ASAP 2000 (Micromeritics Co., USA) surface area analyzer. Particle size of the adsorbent was determined by a Mastersizer 2000 (Malvern Co.). The particle shapes were observed using a scanning electron microscope (SEM) with an EDAX KEVEX level 4 (Hitachi S-3500N).
FTIR spectra were collected on a Nicolet 5700 FTIR spectrophotometer (Nicolet Co., USA) using transmission model. Samples for FTIR determination were ground with spectral grade KBr in an agate mortar. IR spectra of phosphate adsorbed on the binary oxide were obtained as dry samples in KBr pellets corresponding to 5 mg of sample in approximately 200 mg of spectral grade KBr. All IR measurements were carried out at room temperature. The kinetics experiments were carried out at room temperature (25 ± 1°C). A defined amount of phosphate stock solution was added in a 1000-ml glass vessel. Then, a corresponding amount of deioned water was added to make a 750 ml, 5 or 10 mg/L phosphate solution. The ionic strength was maintained as 0.01 M by adding 0.638 g sodium nitrate. After the solution pH was adjusted to 6.9 by adding 0.1 M HCl and/or NaOH, 0.15 g of Fe-Mn binary oxide was added to obtain a 0.2 g/L suspension. The suspension was mixed with a magnetic stirrer at an agitation speed of 140 rpm, and the pH was maintained at 6.9 throughout the experiment by addition of the dilute acid and/or base solutions. Approximately 5-ml aliquots were taken from the suspension at predetermined times. The samples were immediately filtered through a 0.45-lm membrane filter. The concentrations of phosphate in the filtered solutions were determined using an inductively coupled plasma atomic emission spectroscopy (ICP-AES, SCIEX Perkin Elmer Elan Model 5000) at RF power of 1300 W and wavelength of 213.618 nm. Prior to analysis, the aqueous samples were acidified with concentrated HCl in an amount of 1%, and stored in acid-washed glass vessels. Finally, the exhausted adsorbent powders were taken out for further desorption study.
Effect of pH and ionic strength
To investigate the influence of pH and ionic strength on the phosphate adsorption, experiments were carried out by adding 10 mg of the adsorbent sample into 150-ml glass vessel, containing 50 ml of 5 mg/L phosphate solution. The ionic strength of the solutions varied from 0.001 to 0.1 M by adding NaNO 3 . The pH of the solutions was adjusted every 4 h with dilute HCl or/and NaOH solution to designated values in the range of 3-10 during the shaking process. The equilibrium pH was measured and the supernatant was filtered through a 0.45-lm membrane after the solutions were mixed for 24 h. Then, the residual phosphate concentration in the supernatant solutions was determined.
Effect of coexisting anions
The effect of common coexisting ions in wastewater such chloride, sulfate, and carbonate on the adsorption of phosphate was investigated by adding 1.0 or 10 mM sodium chloride, sodium sulfate, and sodium carbonate to 5 mg/L of phosphate solution. The solution pH was adjusted to 5.6. A defined amount (10 mg) of Fe-Mn binary oxide was added and the solutions were agitated at 140 rpm for 24 h at 25 ± 1°C. After filtration by a 0.45-lm membrane filter, the residual concentration of phosphate was analyzed using ICP-AES.
Desorption of phosphate
For the study of desorption, the exhausted adsorbent powders were collected after filtration of the suspension from the above tests. Fifty milligrams of exhausted Fe-Mn binary oxide was added into each 150-ml vessel containing 50 ml solution with different concentrations of NaOH (0, 0.001, 0.01, 0.1, and 0.5 M). Appropriate NaNO 3 was then added to adjust the ionic strength of the solution to 0.01 M. The solutions were agitated at 140 rpm for 24 h at 25 ± 1°C. The suspension solutions were then filtered and analyzed for phosphate according to the method described previously. The quantity of desorbed phosphate was determined by the amount of phosphate in the solution after the desorption experiment. The P desorbability was defined as the ratio of the desorbed P over the total P adsorbed by the adsorbent.
Adsorption isotherm
Both Freundlich and Langmuir models [30, 31] were employed to describe the experimental results of phosphate adsorption. The Freundlich equation is represented as
where q e is the amount of phosphate adsorbed on the solid phase (mg/g), C e is the equilibrium phosphate concentration in solution phase (mg/L), K F is roughly an indicator of the adsorption capacity, and n is the heterogeneity factor which has a lower value for more heterogeneous surfaces.
The Langmuir equation can be written in the form
where q e and C e are previously denoted, K L is the equilibrium adsorption constant related to the affinity of binding sites (L/mg), and q m is the maximum amount of the phosphate per unit weight of adsorbent for complete monolayer coverage. Phosphate adsorption isotherms were determined using bath tests at the initial pH values of 5.6 ± 0.1. Initial phosphate concentration was varied from 2 to 40 mg/L. In each test, 10 mg of the adsorbent sample was loaded in the 150-ml glass vessel and 50 ml of solution containing different amounts of phosphate was then added to the vessel. Ionic strength of the solution was adjusted to 0.01 M with NaNO 3 . The vessels were shaken on an orbit shaker at 140 rpm for 24 h at 25 ± 1°C. After the reaction period, all samples were filtered by a 0.45-lm membrane filter and analyzed for phosphate. The quantity of adsorbed phosphate was calculated by the difference of the initial and residual amounts of phosphate in solution divided by the weight of the adsorbent.
Results and discussion
Properties of prepared Fe-Mn binary oxide
An X-ray diffraction pattern of the synthesized Fe-Mn binary oxide is illustrated in Fig. 1 . It shows the poorly ordered two-line ferrihydrite pattern with two broad peaks at 34.4°and 62.1°, according to d spacing of 0.260 and 0.149 nm, respectively [32, 33] . Thus, this oxide is thought to be amorphous.
The medium mass particle size of the powdered adsorbent was around 10-30 lm. The morphology and surface elements distribution of the Fe-Mn binary oxide before and after phosphate adsorption were examined by a SEM combined to an EDAX KEVEX level 4. The image obtained showed that the adsorbent particles were aggregated with many nanoparticles (Fig. 2a) , which resulted in a rough surface and porous structure. After phosphate adsorption, the morphology did not change significantly. EDX tests were carried out to obtain more specific results of homogeneous dispersion of iron and manganese for different sizes of particles. Chemical composition analysis (figures not presented) revealed that Fe and Mn were evenly distributed on the surface and the Fe/Mn molar ratio on the surface was in the range of 5.9-6.1, which is very close to the value of 6:1 of the bulk Fe/Mn molar ratio. The material has a high BET specific surface area of 309 m 2 /g with a pore volume of 0.42 cm 3 /g, which is in agreement with previous results [32, 34] .
Adsorption kinetics 3.2.1. Effect of contact time and initial phosphate concentration
Kinetic experiments were performed to determine the rate of phosphate removal from the water by the Fe-Mn binary oxide. The initial phosphate concentrations were 5 and 10 mg/L, respectively, and the initial pH value of solution was 5.6. Fig. 3 shows the change of adsorbed phosphate as a function of contact time. For initial concentration of 5 mg/L, it is obvious that the adsorption process could be divided into two steps, a quick step and a slow one. In the first step, the adsorption rate was fast, and appropriate 87% of the equilibrium adsorption capacity was achieved within the beginning 2.5 h. This may be due to the fine particles of FeMn binary oxide powders. The smaller particle size (10-30 lm)
was favorable for the diffusion of phosphate molecules from bulk solution onto the active sites of the solid surface. In the following step, intraparticle diffusion dominated and the adsorption slowed down. Another appropriate 10% removal percentage was observed with 8 h. After 11 h, over 98% of the maximum adsorption had taken place. The adsorption process of phosphate with an initial concentration of 10 mg/L is similar to that of 5 mg/L, except for higher adsorption amounts. It could be also seen that the change of initial phosphate concentration did not significantly influence the equilibrium and 24 h was an adequate time for equilibrium to occur.
In order to evaluate the kinetic mechanism that controls the adsorption process. The experimental data (Fig. 3) were analyzed using Langergren pseudo-first-order model and pseudo-second-order model [35] . The kinetic parameters obtained from the models are given in Table 1 . It is found that the kinetic data fitted well with the pseudo-second-order reaction rate model, which is evident from the higher correlation coefficient values. This study indicated that the pseudo-second-order model better represented the phosphate adsorption kinetics, suggesting that the adsorption process might be chemisorption.
Effect of pH and ionic strength
The results in Fig. 4 demonstrate the effects of pH and ionic strength on the adsorption of phosphate. As can be seen, the phosphate removal was evidently dependent on pH with the greatest adsorption occurring under acidic conditions and decreased with increase in solution pH. Such pH effect has been observed for the sorption of phosphate onto iron oxides [36, 37] . H 2 PO 4 À and HPO 4 2À are dominant phosphate species in the solution under the tested pH range (3-10). Lower pH is favorable for the protonation of sorbent surface. Increased protonation is thought to increase the positively charged sites, enlarge the attraction force existing between the sorbent surface and the phosphate anions, and therefore increase the amount of adsorption in the lower pH region. In the higher pH region, the negatively charged sites dominate, the repulsion effect enhances, and the amount of adsorption is consequently dropped. In addition, the change of solution pH did not greatly alter the adsorption equilibrium time (seen in SI  Fig. 2a) .
It can also be seen that the increase in ionic strength from 0.001 to 0.1 M led to a shift in the position of the pH edge toward the alkaline region, and also slightly enhanced the adsorption of phosphate in this range (7) (8) (9) (10) . A similar phenomenon was also observed by Giesler et al. using other metal oxides [38] . Anions that adsorb by outer-sphere association are strongly sensitive to ionic strength and the adsorption of these anions is suppressed by competition with weakly adsorbing anions such as NO 3 À since electrolytes also form outer-sphere complexes through electrostatic forces. Conversely, anions that adsorb by inner-sphere association either show little sensitivity to ionic strength or respond to higher ionic strength with greater adsorption [39] . Similarly, no obvious change of adsorption equilibrium time was observed with the change of ionic strength of solution (seen in SI Fig. 2b) . The results of this experiment suggest that phosphate anions may form inner-sphere surface complexes at the water/oxide interface.
Effect of coexisting anions
Coexisting ions such as chloride, sulfate, and carbonate are generally present in the wastewater, and could interfere in the uptake of phosphate by adsorbent through competitive adsorption. Thus, the effects of these coexisting anions at two concentration levels (1.0 and 10 mM) on the phosphate removal were assessed at initial pH of 5.6 and the results are shown in Fig. 5 . Only a slight decrease in phosphate removal was observed when the concentration of coexisting ions was increased from 1.0 to 10 mM. Obviously, the presence of these kinds of ions has no significant influence on the phosphate adsorption. This can be attributed to the specific adsorption of phosphate on the adsorbent because the phosphate ions adsorbed on the strong specific sites were rarely exchangeable even in a solution with a large excess amount of coexisting ions. This suggests that this oxide has high adsorption selectivity toward phosphate anions and has high potential to be used in real wastewater.
Moreover, the effect of present sulfate anions on the phosphate adsorption equilibrium was tested. The result is presented in SI Fig. 3 and it indicates that the presence of sulfate anions has no remarkable influence on equilibrium. 
Table 1
The kinetic model parameters for the adsorption of phosphate on Fe-Mn binary oxide at pH 5.6. 
Desorption of phosphate
In the present study, the phosphate-loaded Fe-Mn binary oxide was desorbed using NaOH solutions of different concentrations. The results are presented in Fig. 6 . It is clear that the amount of phosphate desorption increased with the increase of alkalinity. A desorption of only 0.6% was obtained when the extracting solution was only 0.01 M NaNO 3 solution without added NaOH. However, more than 93% of adsorbed phosphate was desorbed into the solution when the concentration of NaOH increased to 0.1 M. The further increase in NaOH concentration (up to 0.5 M) did not significantly enhanced the desorption of phosphate. It could be concluded that the adsorption of phosphate on Fe-Mn binary oxide is relatively reversible, and the bonding between the active sites and the adsorbed phosphate is not so strong. These results suggest that the phosphate-loaded material can be easily desorbed using a 0.1 M NaOH solution and has the potential to be used as an adsorbent for phosphate removal.
Adsorption isotherm
Isotherm studies were conducted to determine the maximum adsorption capacity of phosphate on Fe-Mn binary oxide from aqueous solution. Fig. 7 shows a plot of the uptake of phosphate by the adsorbent against the phosphate equilibrium concentration in the solution. Both Langmuir and Freundlich equations were employed to describe the adsorption isotherm obtained in the figure. The adsorption constants obtained from the isotherm are listed in Table 2 .
It is seen that the Freundlich model fitted the experimental data reasonably well. The value of correlation coefficient (R 2 > 0.98), which is a measure of the goodness of fit, confirms the good representation of experimental data by this model. However, the Langmuir model was not suitable for describing the adsorption behavior of phosphate by Fe-Mn binary oxide, with a poor correlation coefficient (R 2 = 0.76). It is not surprising that the Langmuir equation failed in describing the adsorption behavior of phosphate because this model assumes that adsorption occurs on a homogeneous surface. The presence of manganese dioxide in the adsorbent may lead to a more heterogeneous surface of solid. The Freundlich equation describes adsorption where the adsorbent has a heterogeneous surface with adsorption sites that have different energies of adsorption. Direct graphic maximal removal capacity (corresponding to the isotherm plateau) gives a maximal capacity of 36 mg-P/g. It is noted that this value is high as compared to the reported data in the literature; the maximum uptake is 1 and 7 mg-P/g by blast furnace slag [21] and alkaline fly ash [18] , respectively. From the isotherm, it could be also found that this adsorbent had a relative high adsorption capacity toward phosphate under low equilibrium concentration (0.2 mg/L). This indicates that the Fe-Mn binary oxide may be feasible for the removal of phosphate at a low concentration level. All these results suggest that the adsorbent may be used as an adsorbent for phosphate removal from wastewater, due to its high phosphate uptake, especially at low concentrations.
Zeta potential and FTIR analysis
Specific adsorption of anions makes the surface of oxides more negatively charged, which results in a shift of the isoelectric point of adsorbent to a lower pH value [40] . A lower isoelectric point of the system should be therefore observed, if phosphate were specifically adsorbed on the Fe-Mn binary oxide. The zeta potentials of the Fe-Mn binary oxide suspensions before and after phosphate adsorption were measured and presented in Fig. 8 . The Fe-Mn binary oxide was found to have an isoelectric point of about 6.6. As predicted, this value decreased to about 5.1 when phosphate anions were adsorbed. It is clear that the presence of phosphate anions makes the oxide surface more negatively charged. Specific adsorption rather than a purely electrostastic interaction could be deduced from the drop of isoelectric point at the aqueous phosphate/Fe-Mn binary oxide interface.
More useful information about the interaction between aqueous phosphate and solid Fe-Mn binary oxide can be provided by the FTIR technique. There are usually occurring metal hydroxyl groups on the surface of many metal oxides [41] , which are the most abundant and active adsorption sites for adsorbate and can be detected by IR spectroscopy. IR spectroscopy has therefore been used to investigate the surface structures and the mechanism of adsorption.
The FTIR spectra of Fe-Mn binary oxide is obtained with the KBr pressed-disk technique and is shown in Fig. 9 . For the Fe-Mn binary oxide sample, the band at 1625 cm À1 was assigned to the deformation of water molecules and indicated the presence of physisorbed water on the oxides; three peaks at 1123, 1051, and 974 cm À1 could be primarily attributed to the bending vibration of hydroxyl groups of iron (hydr)oxides (Fe-OH) vibration [34] .
FTIR spectra of the Fe-Mn binary oxide after reaction with phosphate solutions containing 1-40 mg/L of P at an initial pH of 6.9 for 24 h were collected and also shown in Fig. 9 . After the oxide reaction with phosphate solution even at a concentration as low as 1 mg/L, the Fe-OH bending bands (peaks at 1123, 1051, and 974 cm À1 ) disappeared completely, while a new peak appeared at 1032 cm
À1
. This new band which is broad and intensive could be assigned to the asymmetry vibration of PAO [28] . This indicates that the surface hydroxyl groups were replaced by the adsorbed PO 4 3À . The intensity of this band increased obviously with the increase of P concentration. An increase in solution pH value was also observed after phosphate adsorption. From the FTIR and zeta analysis, it could be concluded that specific adsorption must occur at the aqueous phosphate/Fe-Mn binary oxide interface and the replacement of surface hydroxyl groups by the phosphate species is the main adsorption mechanism.
The possible reactions between the phosphate and the Fe-Mn binary oxide surface ("SAOH) could be presented as
where AOH is a hydroxyl group.
Conclusions
A Fe-Mn binary oxide with Fe/Mn molar ratio of 6:1 was obtained by coprecipitation. The phosphate removal by this oxide was highly pH dependent and a maximal uptake was 36 mg-P/g at pH 5.6. The adsorption of phosphate was slightly enhanced by an increase of ionic strength. The results of ionic strength test along with zeta potential and FTIR analysis indicate that phosphate anions may form inner-sphere surface complexes at the water/ oxide interface, which is the main phosphate removal mechanism. The oxide has high selectivity toward phosphate ions and coexisting anions such as chloride, sulfate, and carbonate did not greatly interfere in the uptake of phosphate. Adsorbed phosphate could be effectively desorbed by 0.1 M NaOH solution. This adsorbent, with large adsorption capacity and high selectivity, is a very promising adsorbent for the removal of phosphate ions from aqueous solutions.
